Single residues of O 6 -methylguanine (0 6 -meG) were introduced into the first or second position of codon 12 (GGC; positions 12G1 or 12G2, respectively) or the first position of codon 13 (GGT; position 13G1) of the human Ha-ras oncogene in phage M13-based vectors. After transformation of E.coli, higher mutant plaque frequencies (MPF) were observed at 12G1 and 13G1 than at 12G2 if O 6 -alkylguanine-DNA alkyltransferase (AGT) had been depleted, while similar MPF were observed at all three positions in the presence of active AGT. Taken together, these observations suggest reduced AGT repair at 12G2. Kinetic analysis of in vitro DNA replication in the same sequences using E.coli DNA polymerase I (Klenow fragment) indicated that variation in polymerase fidelity may contribute to the overall sequence specificity of mutagenesis. By constructing vectors which direct methyl-directed mismatch repair to the ( + ) or the ( -) strand and comparing the MPF values in bacteria proficient or deficient in mismatch repair and/or AGT, it was concluded that, while mutS-mediated mismatch repair did not remove 0 6 -meG from 0 6 -meG:C pairs, this repair mechanism can affect 0 6 -meG mutagenesis by repairing G:T pairs generated through AGT-induced demethylation of 0 6 -meG:T replication intermediates.
INTRODUCTION
The sequence-specificity of alkylating agent mutagenesis has been the subject of numerous investigations (reviewed in ref. 1) which have shown that G:C -A:T mutations induced by S N l-type methylating agents (attributed to O 6 -meG*) are more frequent at residues flanked on the 5'-side by a purine. This effect has a direct counterpart in the mode of activation of codon 12 in the ras oncogene during animal carcinogenesis by methylating agents (2, 3) and for this reason the elucidation of the underlying molecular mechanisms is of particular interest. Variation in mutagenesis along a DNA sequence may reflect variations in adduct formation, adduct repair or DNA polymerase fidelity, and there is evidence to support all three possibilities (4-7). Mitra et al. (8) examined mutagenesis induced by single 0 6 -meG residues at positions 12G1 or 12G2 of the rat Ha-ras oncogene (GGA) after replication in rat embryo fibroblasts and found similar frequencies of mutations, a finding which led them to suggest that the pattern of site-specific mutagenesis observed during carcinogenesis may be determined by adduct formation. On the other hand, based on in vitro studies Georgiadis et al. (9) suggested that slow AGT repair at the second position of codon 12 may account for the observed mutagenic specificity. A question of particular interest is whether O 6 -meG present in codon 12 of the human Ha-ras oncogene (GGC) would exhibit similar behaviour as in the rat gene, something that might be of relevance in the assessment of the origin of ras mutations detected in human tumours. Hirani-Hojati et al. (10) have shown that, following in vitro methylation of a plasmid containing the human Ha-ras oncogene with methyl-a-acetoxymethylnitrosamine, only mutations at 12G2 could be detected, suggesting that mutagenesis in the human gene may exhibit the same overall sequence specificity as seen in the rat. More recently, using a shuttle vector containing a sequence of the human gene, Pletsa et al. (11) showed that more mutations are induced in monkey COS cells by O 6 -meG when present at position 12G2 than at 12G1, implying a significant role for adduct repair and/or polymerase fidelity in the determination of the observed sequence specificity.
In the context of our continued investigation of factors influencing 0 6 -meG mutagenesis in the human Ha-ras oncogene, we present here the results of a comparative study of the mutagenic effects of single residues of 0 6 -meG present in codons 12 or 13 in vivo in E.coli and in vitro after DNA replication by E.coli DNA polymerase I (Klenow fragment). Because methyl-directed mismatch repair [repair of base mismatches directed by the absence of N6-methyladenine in GATC sites of one of the DNA strands (12) (13) (14) ] is known to affect 0 6 -meG mutagenesis in bacteria (15, 16) , vectors with opposite strand GATC methylation symmetries and bacterial strains proficient or deficient in mismatch repair were employed in the present study in order to take account of such effects. 
MATERIALS AND METHODS

Phage
Oligonucleotides
The oligonucleotides employed in the present work are shown in Table 1 . Normal oligonucleotides were obtained from MedProbe, Oslo or the Institute of Molecular Biology and Biotechnology, Crete, and purified by electrophoresis on 20% polyacrylamide gels. Some of the O 6 -meG-containing oligonucleotides were synthesised in the laboratory of Dr P.Swann, University College, London, by modified phosphotriester methodology according to a published procedure (17) , while the remaining were synthesised by MedProbe, Oslo, utilising a modification of phosphoramidite methodology (18) . In some cases, where the same oligonucleotide was synthesised by both methods, identical results were obtained in mutagenesis experiments. Oligonucleotides 12G1/PE/M and 12G2/PE/M are the same as those employed in the previously published study using shuttle vectors in mammalian cells (11) . All oligonucleotides employed in the construction of mutagenesis vectors were additionally purified and characterised as already described (11) . As an additional measure to confirm that the effects observed were indeed due to O 6 -meG, some of the measurements were repeated after treatment of the methylated oligonucleotides with E.coli AGT to specifically remove O 6 -meG. The data obtained after such treatment were similar to those obtained with the corresponding non-methylated vectors.
Construction of site-modified vectors, transformation of bacteria and screening for mutations
Two types of vectors, allowing mismatch repair with different strand bias, were constructed ( Fig. 1 
):
Primer elongation (PE) vectors. A 1968 bp fragment of the protooncogene or (as positive control) the T24 bladder carcinoma Haras oncogene (G:C -T:A mutation at 12G2) containing the first exon was cloned into phage M13mpl8 (phages pM13rasl and pM13raslT, respectively) (19 (20, 21) . Forty pmol of primer oligonucleotide, mixed with 2 pmol of template in 20 /tl buffer was heated to 55 °C for 5 minutes and allowed to cool to 23 °C. After addition of the four nucleotide triphosphates (1 mM) and T4 DNA polymerase (5 units) and further incubation for 30 minutes, ATP (1 mM) and T4 DNA ligase (6 units) were added and incubation continued for another 45 minutes at 37°C. The products were finally treated with nuclease SI (0.6 units/ml) for 5 min. Electrophoresis on 0.8% agarose of the ethanolprecipitated product revealed two bands, a major one (75-85 % of the total as judged by laser scanner quantification) with mobility consistently slightly faster than that of form I of the corresponding RF pM13ras plasmid and one with mobility intermediate between that of forms I and II, and complete absence of a relaxed (form I) type (Fig. 2) . Both products were converted in an identical way to the expected linear fragments after restriction digestion, indicating that the two probably constituted different supercoiled forms of the double-stranded, closed, circular product induced by the ethidium bromide, and for this reason MPF were measured without further purification of the ligation mixture. 
Mutation scoring
The site-modified vectors were used for the transformation of E.coli JM101 or BMH71-18 mutS (12) , usually in parallel with positive-and negative-control vectors. For the depletion of endogenous AGT, bacteria were incubated with MNNG (50 /tg/ml) for 2 minutes at 37°C and immediately made competent and used for transformation. In the case of Cl vectors, X-gal and IPTG were included in the plating mixtures to allow differentiation of cassette-containing phages (white plaques, always >95% of the total plaque yield). Mutant plaques were scored by differential hybridisation of oligonucleotide probes (17mers containing either mixed A/T/C or only A at positions 12G1 or 12G2 or 13G1, see Table 1 ) following transfer to nitrocellulose filters (19) . All plaques obtained from positive-control (mutant) vectors gave a clear signal under the conditions employed (final wash at 60°C), while those obtained from vectors containing the non-mutated sequence were negative. Mutations were usually screened using both, mixed oligonucleotide probes and probes specific for G:C -A:T mutations, and in all cases identical results were obtained, as expected from the known mutagenic properties of 0 6 -meG. The DNA sequence of a few, selected mutants were confirmed by direct sequencing. Mutation yields were expressed as mutantplaque frequency (MPF), calculated as the percentage fraction of plaques giving a positive signal with the mutation probes at the restrictive temperature as compared to those giving a signal at 23°C.
Measurement of AGT in bacterial extracts
Bacteria were suspended in 70 mM HEPES-KOH; pH 7.8, 1 mM DTT, 1 mM EDTA, 50 /*M spermidine, 5% glycerol and subjected to sonication (5 x 10" in ice). AGT was determined in the soluble cell extracts by reaction with [ 3 H]-methylated DNA using standard methodology (22) .
In vitro DNA replication
Oligonucleotides serving as templates for DNA replication included the same 15mers (12G1/PE/M, 12G2/PE/M and PE/N) as those employed in the construction of PE-type vectors for the in vivo study ( Table 1 ). The kinetics of various stages of DNA replication were examined using [
32 P]-end-labelled oligonucleotides as substrates for elongation or proofreading, followed by analysis of the reaction products using polyacrylamide gel electrophoresis and quantitative autoradiography (23) . Reaction times and DNA polymerase concentrations resulting in linear reaction kinetics were selected in preliminary experiments. Furthermore, the DNA polymerase concentration was always kept much lower than those of the substrates (primentemplate complex and incoming nucleotide) so as to maintain MichaelisMenten conditions. The template and primer oligonucleotides, mixed in proportions 1:2 (70 nM template, 140 nM primer) in replication buffer (70 mM Tris, 3 mM MgCl 2 , pH 7.4), were annealed by heating to 70 °C for 5 min and being allowed to cool to 10°C. For the study of primer elongation kinetics, reaction mixtures containing the primer-template mix, the appropriate concentrations of the incoming deoxynucleotide triphosphate and DNA polymerase (20 nM, added last) in a total volume of 25 lil of replication buffer containing 50 ^g/ml BS A were incubated at 10°C. Aliquots of the reaction mixture were removed at the required times and quenched with 10 [il stop buffer (160 mM EDTA, 70% formamide) prior to analysis by electrophoresis on 16% polyacrylamide denaturing gels. For the examination of the proofreading activity, the incubation mixtures were similar except that no incoming nucleotide was added. In all experiments except proofreading, kinetic constants were calculated from two independent experiments.
In all cases, polyacrylamide gel electrophoresis of quenched aliquots of reaction mixtures was carried out in parallel with a series of standards containing known amounts (in cpm) of a 32 Plabelled oligonucleotide. X-ray film was exposed for 24-96 hours and reaction products quantitated by densitometric scanning, using as reference the signals obtained from the parallel standards.
In vitro removal of O 6 -meG from synthetic oligonucleotides Each of oligonucleotides 12G1/PE/M and 12G2/PE/M, mixed with an equivalent amount of the complementary sequence to form a double stranded complex, was treated with 10-fold excess of the E. coli AGT to remove O 6 -meG. Treatment was carried out in buffer containing 50 mM HEPES, 10 mM DTT, 1 mM EDTA, 50 mM spermidine, 50 jug/ml BSA, 5% glycerine, pH 7.8 at 37°C for 16 hours. Subsequently, the reaction mixtures were heated to 60°C for 10 min and sequentially extracted with an equal volume of phenol and chloroform, followed by purification by gel filtration on NAP5 columns (Pharmacia, Uppsala).
RESULTS
Mutagenesis in E.coli with positive-control vectors, and the effects of mismatch repair
All vectors employed in the present study contained 3 GATC sites derived from M13mpl8 (Fig. 1) . In PE vectors, the ( -) strand was synthesised entirely in vitro and therefore did not contain any N6-methyladenine residues, in contrast to the (+) strand which was synthesised in vivo and therefore contained N6-methyladenine at its GATC sites, thus directing mismatch repair to the ( -) strand (26) . The operation of mismatch repair would therefore be expected to result in decreased MPF. In CI vectors, both strands were synthesised in vivo and thus contained N6-methyladenine at all their GATC sites with the exception of a single site at the 5'-end of the (+) strand of the oligonucleotide cassette which, being derived from in vitro synthesis, was not methylated and therefore directed mismatch repair to the (+) strand [it is noted that a single non-methylated GATC site can efficiently direct mismatch repair to its own strand (24) ]. In this case, therefore, mismatch repair would be expected to result in increased MPF. The operation of mismatch repair with the predicted strand bias was confirmed using vectors 12G1/PE/A and I2G1/CI/A which contained an A:C mismatch at position 12G1. As can be seen in Table 2 (numerical rows 1 and 2), the CI vector gave a very high MPF in both types of bacteria employed, particularly in the mismatch-repair proficient strain JMlOl. In contrast, the corresponding PE vector gave much lower mutation yields in JMlOl than in mutS bacteria, in agreement with the known ability of A:C mismatches to undergo rapid mismatch repair (14) . It is incidentally noted that pretreatment of wild-type bacteria with MNNG appears to cause partial inhibition of mismatch repair (averaging 64% inhibition for the cases shown).
Mutagenesis in E.coli with vectors containing O
6
-meG In agreement with the well-established mutagenic specificity of O 6 -meG, only G:C -A:T mutations were detected after bacterial replication of site-methylated vectors. Table 2 (numerical rows 3 and 4) shows the MPF values obtained when 12G1 vectors containing 0 6 -meG were introduced into bacteria with or without prior depletion of AGT. It can be seen that, for a given repair background, almost identical values were obtained with PE and CI vectors. Furthermore, closely similar values were observed in both bacterial hosts after MNNG pretreatment ( Table  2 , numerical columns 2 and 4). On the other hand, in the absence of MNNG pretreatment, ca. 2-fold higher MPF values were observed in mutS hosts (numerical columns 1 and 3) (p< 0.005). This difference cannot be ascribed to differences in the AGT content of the two bacterial strains, since the AGT levels in extracts of JMlOl and mutS without pre-treatment with MNNG were not significantly different [232 ± 38 (s.d.) fmol/mg protein and 194 ± 20 (s.d.) fmol/mg protein, respectively]. Following MNNG pretreatment of either strain of bacteria, the AGT content of the extracts was below the limit of detection ( < 10 fmol/mg protein).
The sequence-specificity of 0 6 -meG mutagenesis in E. coli at positions 12G1, 12G2 and 13G1 was examined using only PE vectors ( In vitro replication of sequences containing O
-meG The kinetics of in vitro DNA replication on site-methylated templates were analysed in three steps, involving nucleotide incorporation opposite the adduct, proofreading and elongation of 3'-termini opposite the adduct.
Kinetics of nucleotide incorporation opposite 0
-meG.
Incubation in the presence of DNA polymerase and dCTP or dTTP of primers PI or P2 with the normal template PE/N or the methylated templates 12G1/PE/M or 12G2/PE/M resulted in elongation in a time-and nucleotide concentration-dependent manner. Primer PI was in all cases elongated by a single nucleotide to an 8mer, while elongation of primer P2 resulted in the formation of an 8mer which, as expected in view of the template sequence, was partly extended further to a 9mer (Fig.  3, top) . Measurements of product yields under conditions of limited primer consumption were employed for the construction of Hanes-Woolf plots (Fig. 3, bottom) Table 3) . The values of the rate constants a n d / for incorporation opposite the normal and the methylated templates observed are in good agreement with those reported by others (6, 23, 25, 26, 27) , indicating that the polymerase acts kinetically even at the relatively low incubation temperature employed in the current study (10°C), and demonstrate the known preferential incorporation of T, rather than C, opposite 0 6 -meG (relative efficiency ~ 10).
Proofreading opposite Cfi-meG. In order to obtain an indication of the relative contribution of polymerase proofreading of newlyformed termini to O 6 -meG-induced mutagenesis, the 7mer substrates PIC, PIT, P2 and P2T, 5'-end labelled, were annealed to the corresponding templates and the rates of their conversion '-C:0 6 -meG terminus exhibited K m values alone compared. Only small differences in the rates of proofreading of the various 3'-termini are observed (Table 4) , with the mismatch 3'-T:G undergoing proofreading slightly faster than the normal pair 3'-C:G, the order being reversed for termini involving 0 6 -meG.
Extension past Cfi-meG by addition of the next, correct nucleotide. Addition of nucleotides to mismatched 3'-termini is known to be greatly hindered (23, 28, 29) . The same effect has been shown by Dosanj et al. (27) to occur with extension of 3'-termini paired to 0 6 -meG, with 3'-T:O 6 -meG termini being extended with the same or somewhat higher efficiency than 3'-C:O 6 -meG termini, depending on the sequence context. We have confirmed the hinderance of extension of such termini by using oligonucleotides PIC, PIT, PI and P2T as primers for addition of a correct nucleotide to C or T 3'-termini paired with G or O 6 -meG at equal concentrations of the appropriate primertemplate mixtures (Table 5 ). In agreement with past findings (27) , similar to those of extension from a 3'-T:G terminus and Vv alues only 4-8-fold higher. On the other hand, extension of 3'-T:O 6 -meG termini was significantly more rapid, exhibiting intermediate values for both kinetic constants and apparent efficiency of extension ca. 10-20 times higher than that of 3'-C:O 6 -meG termini. (It is noted in Table 5 that, following AGT treatment of the methylated template, the values of the kinetic constants for elongation returned to those of the normal template, indicating that the observed effects could be attributed specifically to O 6 -meG.)
Sequence-specificity of DNA polymerase All of the previously described kinetic parameters were measured in parallel for replication at positions 12G1 or 12G2. Examination of the data of Table 3 reveals that the kinetic constants for nucleotide incorporation opposite G are similar for the two positions, resulting in closely similar T misincorporation frequencies of 4.5xlO~5 and 4.2 xlO~5, respectively. While significant variations are seen in the values of K m for the methylated templates, which result in 2.6-2.8-fold higher incorporation frequencies for both C and T at position 12G1, the relative efficiencies for incorporation of T vs. C are almost identical at the two positions (9.9 and 9.3). Differences between positions 12G1 and 12G2 with regard to the relative, apparent efficiencies extension from 3'-T:O 6 -meG vs. 3'-C:O 6 -meG termini were also small (17.9 and 11.6, respectively).
DISCUSSION
In this study,we compared the coding properties of O 6 -meG at different sites of the human Ha-ras oncogene during replication in E.coli against different repair backgrounds and during in vitro replication with E.coli DNA polymerase I (Klenow fragment). The adduct's in vivo mutagenic efficiency at the three sites examined varied depending on the repair background against which it was determined ( Table 2 ). After depletion of AGT, mutagenesis at position 12G2 was ca. 2-fold lower than at 12G1 or 13G1 in both bacterial strains employed, suggesting more efficient excision repair or/and higher polymerase fidelity at 12G2. The sequence specificity of excision repair (reviewed in ref. 1) is not sufficiently well understood to allow assessment of the contribution of this mode of repair to the variation in the relative MPFs observed here. On the other hand, in the presence of active AGT, similar MPFs were observed at all three sites, something that, in combination with the difference observed in the absence of AGT and regardless of its cause, implies slower AGT repair at 12G2. This is in agreement with the kinetic results of Georgiadis et al. (9) on in vitro repair by the ada protein of O 6 -meG at position 12G2 of the rat oncogene. Slower repair at 12G2 was also proposed as a possible explanation for the higher mutagenesis observed in monkey COS cells using vectors containing the same synthetic sequences as employed here (11) . Based on three independent observations, therefore, it appears that production of G:C -A:T mutations at the second position of codon 12 of the rat and human Ha-ras oncogene may be favoured by slow AGT repair.
The general features of the kinetics of in vitro replication of O 6 -meG-containing templates observed in the present study are similar to those reported by others (6, 27) and will not be discussed in detail here. Briefly, we observed that insertion of T opposite the adduct makes a major contribution to the overall coding behaviour. For the assessment of the contribution to overall coding behaviour of the relative efficiency of extension of 3'-termini opposite O 6 -meG, it is necessary to take into account that the relative efficiency of extension from two different primers competing at equal concentrations for DNA polymerase depends on dNTP concentration and, at limitingly low dNTP concentration, reaches a minimum value which is an intrinsic characteristic of the DNA polymerase (28) . For extension from competing 3'-T and 3'-C primers, this minimum relative extension efficiency f ex t,min is related to the apparent relative extension efficiency f ex t(ap P ) measured at the same primentemplate concentration (Table 5) Table 5 , this implies that extension from 3'-T:O 6 -meG termini is at least 10-20-fold more efficient than from 3'-C:O 6 -meG termini. Hence, it can be concluded that nucleotide selection at the stages of initial incorporation and of extension of 3'-termini make comparable, major contributions to the overall selectivity for stable incorporation of T opposite O 6 -meG. This is in agreement with the model proposed (29, 31, 32) for the mechanism of polymerase fidelity during replication of normal templates, according to which slow incorporation of incorrect nucleotide and slow elongation of mismatched termini (allowing increased time for the operation of proofreading) are the primary kinetic mechanisms driving the fidelity of replication.
An indication of the overall relative efficiencies of stable incorporation opposite O 6 -meG (i.e. incorporation achieved by insertion opposite the lesion followed by extension to the next nucleotide) of T vs. C can be obtained from the expression [relative efficiency of incorporation of T] X [relative apparent efficiency of extension from a 3'-T terminus]. This parameter is calculated as 176 and 108 for positions 12G1 and 12G2, respectively. While, in view of the uncertainty over the true value of f ext , these values only constitute approximate estimates of the relative mutagenic efficiencies, they are compatible with polymerase fidelity contributing to the higher MPF observed at position 12G1 in the absence of effects due to AGT repair (Table 2) .
Interactions between AGT-and methyl-directed mismatch repair PE-and Cl-type vectors containing O 6 -meG gave very similar MPFs in mismatch repair-proficient JM101 bacteria (Table 2) , implying the absence of significant pre-replicative mismatch repair of either strand. The inability of the mismatch repair system to reduce O 6 -meG mutagenesis by successfully removing O 6 -meG implied by our observations is in agreement with the observation of the absence of a direct effect of mismatch repair on MNNG-induced mutagenesis in E.coli (33) and is not in contradiction with the suggestion of Karran and Marinus (14) that this repair system can recognise O 6 -meG:C or O 6 -meG:T pairs, since, according to the suggestion of these authors, O 6 -meG initiates an abortive methyl-directed mismatch repair process which ultimately leads to cell death.
In the absence of MNNG pretreatment (i.e. in the presence of active AGT), lower MPFs were observed in JM101 as compared to mutS hosts, an effect which could not be ascribed to different AGT activities of the two strains, since these were similar. Furthermore, an explanation based on the direct removal of O 6 -meG by the methyl-directed mismatch repair system must also be excluded since a) a CI vector also gave lower MPFs in JM101 cells and b) closely similar MPFs observed with both types of vectors and in both bacterial strains after MNNG pre-treatment. A reasonable explanation for the observed effects is illustrated in Fig. 4 : following vector replication, intermediate (I) is demethylated by AGT to a G.T mismatch-containing intermediate (E) which can undergo methyl-directed mismatch repair. In the case of CI vectors [(-) strand GATC-methylated], and regardless of the possible prereplicative dam-mediated methylation of the parent (+) strand, such repair would be directed exclusively to the newly-synthesised (+) strand, dius generating a nonmutagenic G.C pair (HI). The same mismatched intermediate would be generated from a PE vector by in vivo methylation of the ( -) strand at some point during the transition from I to HI, probably prior to replication (13) . While all the individual steps indicated in Fig. 4 (demethylation of O 6 -meG:T pairs by AGT, methyl-directed mismatch repair of G:T mismatches thus generated) have been observed or suggested before (16, 34, 35) , this is the first occasion on which their combined effect on O 6 -meG-induced mutagenesis has been observed.
In conclusion, we have shown that, while O 6 -meG at position 12G2 of the human Ha-ras oncogene may be inherently less mutagenic in E.coli owing to lower polymerase infidelity, mutagenesis is favoured at this site by slow AGT repair.
